We studied the location of a membrane-bound carbonic anhydrase (CA IV) in the human male reproductive tract using a specific antiserum to human CA IV in conjunction with cence techniques. The microvilli and apical plasma membrane of the epithelial cells and the subepithelial smooth muscle layer of the epididymis, ductus deferens, and ampulla of the ductus deferens showed specific staining for CA IV. The epithelial cells of the prostate and seminal vesicle failed to stain for CA IV, however, whereas the subepithelial smooth muscle layer showed positive staining. No specific staining for CA II was seen in the epithelium of the epididymal duct or the proximal ductus deferens. The presence of CA IV in the epididymis was confirmed by immunoblot-immunoblotting, imm~nopeddase, and i m m~~f l~~t e s -
Introduction
Carbonic anhydrase (EC 4.2.1.1: CA) catalyzes the reversible hydration of carbon dioxide and is involved in regulation of the ion, fluid, and acid-base balance in various tissues (Carter, 1972; Maren, 1967) . Six isoenzymes (CA I-CA VI) have been purified, the best characterized of which are the cytoplasmic enzymes (CA I, 11, and 111) ( k h i a n et al., 1983) . The mitochondrial and the secreted salivary carbonic anhydrases are termed CA V and CA VI, respectively (Dodgson et al., 1980; Femley et al., 1979) .
The membrane-bound isoenzyme is termed CA IV and has been purified from human kidney (Wisuand and Knuuttila, 1989; Wistrand, 1979) , bovine lung microsomes (Whltney and Briggle, 1982) , and in a catalytically active form from human lung and kidney and rat lung (Waheed et al., 1992a) . CA IV has re-Supported by grants from the Medical Research Foundation of Oulu, Oulun Yliopiston tuk&itio (SP) and by National Institutes of Health grants DK40163 and GM34182 (WSS). cently been located by monospecific antibodies and immunohistochemisuy in the plasma membranes ofthe proximal convoluted tubule and a thick ascending limb of Henle in the rat kidney (Brown et al., 1990) , in the endothelial cells of the choriocapillaries of the human eye (Hageman et al., 1991) , and in the endothelial cells of microcapillaries of rat brain (Ghandour et al., 1992) . The cDNA for human CA IV has been cloned (Okuyama et al., 1992) . The predicted amino acid sequence reveals similarity to other carbonic anhydrases. Of the 17 "active site" residues that are highly conserved in other human CAS, 16 are also present in CA IV. However, CA IV contains a 27-aminO acid C-terminal extension which probably serves as a recognition signal for cleavage and transfer to a glycosyl phosphatidylinositol linkage through which CA IVs are anchored to plasma membrane (Ghandour et al., 1992; Waheed et al., 1992a; Zhu and Sly. 1990) .
Carbonic anhydrases play an important role in reproductive physiology, since bicarbonate has been shown to be implicated in the regulation of sperm motility via a bicarbonate-sensitive adenylate cyclase present in the sperm plasma membrane (Okamura et al., 1985) . We have demonstrated in previous studies the presence of CA I1 in human and rat spermatozoa (Parkkila et al., 1991b) and in the human seminal vesicle, ampulla of the ductus deferens, and 75 1 distal ductus deferens (Kaunisto et al., 1990) . The physiological role of cytoplasmic CA I1 in the distal parts of the reproductive tract is probably linked to equipping of the seminal plasma with bicarbonate required for maintaining sperm motility after ejaculation. However, the spermatozoa are subjected to an acidic environment during passage through the epididymis, which probably accounts for their quiescence there (Caflisch and DuBose, 1990; Carr et al., 1985) . It has been suggested that carbonic anhydrases play a central role in the acidification of epididymal fluid (Au and Wong, 1980; Cohen et al., 1976) , but it has remained uncertain which one of these isoenzymes is involved. Since CA IV mediates bicarbonate reabsorption in the renal proximal tubule and contributes to acidification of urine in the kidney (Dobyan and Bulger, 1982) . it was considered a candidate for acidification of the epididymal fluid. This work was undertaken to determine the distribution of CA IV in the human male reproductive tract in order to contribute to an understanding of the functional significance of the CA isoenzymes in reproductive physiology.
Materials and Methods

Antisera.
A polyclonal rabbit antiserum to human CA IV was produced and characterized by Zhu and Sly (WO) , and antisera to human CA VI and CA I1 by Parkkila et al. (1991a) and Parkkila et al. (1992) . respectively. All tissues were stained with these antisera. Crossreactivity of anti-CA 11, anti-CA IV, and anti-CA VI sera with the purified CA I, CA 11, and CA VI was tested in Western blots. Aliquots (1 M ) of CA I, CA 11, and CA VI were subjected to SDS-PAGE according to Laemmli (1970) under nonreducing conditions in a Mini-Protean electrophoresis unit (Bio-Rad Laboratories; Richmond, CA). The polypeptides were transferred electrophoretically from the gel to a nitrocellulose sheet using a Bio-Rad Mini Trans-Blot apparatus. The sample lanes were incubated first with swine serum for 18 hr at 4'C and then with antisera to CA 11, CA IV, and CA VI diluted 1:lOOO inTAG (10 mM Tris-HCl,l% BSA, 10% glycerol), pH 7.4, for 2 hr at 20%. The sheet was washed three times for 10 min with 1% Triton X-100 and three times for 10 min with 0.3 % Triton X-100, and was treated again with swine serum for 1 hr at 20'C before incubation for 30 min at 20'C with peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad Laboratories) diluted 1:3000 in TAG. After washing four times for 15 min in PBS, the polypeptides were visualized with 3,3'-diaminobenzidine tetrahydrochloride (DAB) (Fluka; Buchs, Switzerland) (9 mg DAB in 30 ml PBS) and hydrogen peroxide.
Prepvation of Tissues. Human prostate gland, seminal vesicle, ampulla of the ductus deferens, ductus deferens, epididymis, and testis specimens were obtained alongside routine histopathological specimens taken during urological operations carried out at Oulu University Central Hospital for bladdcrtarcinoma (n = 2), prostate carcinoma (n = 1). or testis lymphoma (n = 1). The tissue samples were fixed in 4% paraformaldehyde in PBS for 18 hr at 4'C, followed by washing in 20% sucrose (in PBS) for 24 hr at 4°C. The sucrose prevents the formation of ice crystah in the tissue, resulting in a better preservation of the tissue morphology. The specimens were then frozen in liquid nitrogen and stored at -80°C. Frozen sections (Cryo-Cut Microtome, American Optical Corporation) of 8 pm were used for immunohistochemical staining.
wunohistochemistry. The sections were stained using immunoperoxidase and immunofluorescence techniques. The steps in the hmunoperoxidasc staining were as follows:
1. Pre-treatment of the sections with swine serum for 40 min and rinsing in PBS.
2.
3. 4.
5.
6.
7.
Incubation for 1 hr with the primary rabbit antiserum diluted 1:lOO in 1% bovine serum albumin (BSA) in PBS (BSA-PBS). Treatment with swine serum for 40 min and rinsing in PBS. Incubation for 1 hr in biotinylated affinity-isolated swine immunoglobulins to rabbit immunoglobulins (Dakopatts; Copenhagen, Denmark) diluted 1:300 in BSA-PBS. Treatment with swine serum for 5 min and rinsing in PBS. Incubation for 30 min in a 1:600 dilution of peroxidase-conjugated streptavidin (Dakopatts) in PBS. Incubation for 3 min in DAB (9 mg DAB in 15 ml PBS plus 10 ~1 30% H202).
The sections were washed in PBS three times for 10 min after incubation Steps 2,4, and 6. Treatment of the sections with undiluted swine serum before Steps 2, 4, and 6 effectively prevented nonspecific staining.
All the incubations and washings were carried out at room temperature and the sections were finally mounted in Permount (Fisher Scientific; Fair Lawn, NJ).
Steps 1 and 2 for fluorescence microscopy were identical to those of the peroxidase method. After washing three times for 10 min in PBS, the sections were then incubated with rhodamine-conjugated swine anti-rabbit immunoglobulins (Dakopatts) in a 1:50 dilution of BSA-PBS for 1 hr and were then washed three times for 5 min with PBS before being immediately mounted in Mowiol (Hoechst; Frankfurt am Main, Germany).
The sections were viewed with an Aristoplan microscope (Leitz; Oberkochen, Germany) and photographed on black-and-white negative film (Agfapan 25 I S 0 and Kodak Tri-X pan 400 ISO).
Western Blotting of Tissue Specimens. Fresh tissue samples from the human kidney, testis, proximal ductus deferens, caput epididymis, corpus epididymis, and cauda epididymis were frozen in liquid nitrogen and stored at -80°C before further processing. They were later homogenized in two volumes of 50 mM %-so4 and 1 mM benzamidine (pH 7.5) with a Brinkman Polytron homogenizer, and total homogenate was used for SDS-PAGE that was performed under reducing conditions according to Laemmli (1970) . Protein concentrations were determined using Peterson's procedure (Peterson, 1979) and 100 pg total protein were applied to each lane. The low molecular weight protein standards were from Bio-Rad Laboratories. After the electrophoresis, the polypeptides were transferred to an Immobilon-P PVDF membrane (Millipore; Bedford, MA) using the Polyplot apparatus (American Bionetics; Hayward, CA). After transblotting, the sheets were subjected to immunostaining with anti-CA IV serum diluted 1:1000, followed by treatment with goat anti-rabbit IgG peroxidase antibodies diluted 1:500 (Sigma; St Louis. MO). The polypeptides were visualized with 4-chloronaphthol and hydrogen peroxide.
Location of CA IV in the Human
Reproductive Tract
The human epididymis, ductus deferens, ampulla of the ductus deferens, vesicula seminalis, and prostate showed positive staining for CA IV. In the caput (Figure la) , corpus ( Figure IC) , and cauda ( Figure Id) epididymis, the enzyme was principally located in the microvilli and apical plasma membrane of the epithelial cells. Particularly in the corpus and cauda epididymis, a distinct staining was also detected in the smooth muscle layer beneath the epithelial lining, but neither normal rabbit serum (data not shown) nor anti-CA VI serum (Figure 1b) showed any positive staining. The pigment particles present in the epithelial cells gave a bright autofluorescence (Figure 1b) . The epithelium of the epididymal duct failed to stain for CA I1 (data not shown), as reported earlier (Kaunisto et al., 1990) .
The CA IV-positive staining in the proximal ductus deferens was located in the apical plasma membrane, and a clear staining could also be detected in the smooth muscle layer adjacent to the epithelium (Figures 2a and 2b) . Anti-CA I1 serum revealed positive staining only in the erythrocytes (Figure 2c ). In the distal ductus deferens (Figure 2d ) and the ampulla of the ductus deferens (Figure 2f) , the enzyme was located in the apical plasma membrane of the epithelial cells and the subepithelial smooth muscle layer. No positive staining was detected in the control sections (Figures  2e and 2g) . Many pigment granules present in the epithelial cells showed bright autofluorescence.
In the prostate (Figure 3a ) and seminal vesicle (Figure 3c ), the enzyme was located only in the subepithelial smooth muscle layer. Again, no positive staining was seen in the controls (Figures 3b  and 3d ).
Western Blots
The presence of CA IV in the human epididymis was confirmed by Western blotting (Figure 4) . The separated parts of the epididymis (caput, corpus, and cauda) and the proximal ductus deferens were all seen to contain a 35 KD polypeptide. An additional band of 33 KD was present in the caput and cauda epididymis blots. Polypeptide bands of the same molecular weights were detected , \ . 1 * .
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'1 1 i i Figure 2 . Immunohistochemical stainings of CA IV in the human ductus deferens. The enzyme is present in the apical plasma membrane of (a,b) the proximal ductus deferens, (d) distal ductus deferens, and (1) ampulla of the ductus deferens. The subepithelial circular smooth muscle cell layer also showed positive immunostaining with both (a) immunoperoxidase and (b,d,f) nants were present in the testis blot. As anti-CA IV serum was not found to crossreact with CA I, CA 11, or CA VI, the positive immunohistochemical stainings and Westem blots can be regarded as CA IV specific with respect to these isoenzymes (Figure 5 ) .
Discussion
The KD polypeptide band was stained in the protein blots from the corpus and cauda epididymis. Note also that the 35 KD polypeptide was stained most intensely in the corpus epididymis.
1-CAW
duct, ductus deferens, and ampulla of the ductus deferens but was absent from the seminal vesicle and prostate epithelia. On the other hand, the subepithelial smooth muscle layer throughout the reproductive tract seemed to contain the enzyme. The membraneassociated CA in skeletal muscle was recently shown to be CA IV (Waheed et al.. 1992b) . Western blotting confirmed the presence of CA IV in the human epididymis and ductus deferens. The caput and cauda epididymis and proximal ductus deferens showed evidence of 35 and 33 KD polypeptides, which were also present in the human kidney blot, whereas only the 35 KD polypeptide band was present in the corpus epididymis. The 33 KD and 17-18 KD polypeptides are probably proteolytic fragments of the 35 KD native CA IV (Sato et al., 1990) . The fluid leaving the testis is acidified during its passage through
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anti-CA II anti-CA IV anti-CA VI Figure 5 . Crossreactivity of antiCA II, antiCA IV, and antiCA VI sera with CA I, CA II, and CA VI. Note that the antiCA IV serum (1:lOOO) did not crossreact with the CA isoenzymes I, II. and VI.
the epididymis. Carr et al. (1985) have proposed that the sperm quiescence noted in the cauda epididymis results from a lowering of the intracellular pH of the spermatozoa by weak acids or other factors constituting an acidic environment. Correspondingly, an increase in intraspermatozoal pH has been shown to result in activation of the bovine cauda epididymal spermatozoa (Babcock et al., 1983) . Although the mechanism for the acidification of the epididymal fluid is not well understood, earlier research has suggested that carbonic anhydrases may be implicated in it (Goyal et al., 1980; Cohen et al., 1976) , as the investigators demonstrated by a histochemical method that carbonic anhydrase activity is located in the cytoplasm of the epithelial cells of the rat caput and cauda epididymis and in the apical plasma membrane of the epithelial cells of the corpus epididymis. This technique does not distinguish individual isoenzymes, however. Our results here demonstrate that the isoenzyme present in the epithelium of the epididymis, ductus deferens, and ampulla of the ductus deferens is CA IV. This isoenzyme has also been located in the plasma membranes of the proximal convoluted tubules and the thick ascending limb of Henle in the rat kidney, where it is thought to account for luminal acidification by reabsorbing bicarbonate (Brown et al., 1990) . Therefore, its presence in the epithelium of the epididymis, ductus deferens, and ampulla of the ductus deferens may also be linked to the acidification of the epididymal fluid via bicarbonate reabsorption. This hypothesis is compatible with an earlier report suggesting that bicarbonate reabsorption rather than H' secretion is the mechanism of epididymal fluid acidification in the rat (Caflisch and DuBose, 1990) . The lack of CA I1 in the epithelia of the human epididymis and the proximal ductus deferens also supports the concept that bicarbonate reabsorption by CA IV plays a pivotal role in the acidification of the epididymal fluid. The acidic environment in the epididymis and proximal ductus deferens probably prevents premature sperm activation, while their activation during ejaculation is accounted for by bicarbonate secreted by the epithelial cells of the distal ductus deferens and seminal vesicle, which contain CA I1 (Kaunisto et al., 1990) .
